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Competition for nutrients among neighbouring roots occurs when their individual depletion volumes overlap,
causing a reduction in nutrient uptake. By exploring different spatial niches, plants with contrasting root architecture
may reduce the extent of competition among neighbouring root systems. The main objectives of this study were: (1) to
evaluate the impact of root architecture on competition for phosphorus among neighbouring plants; and (2) to
compare the magnitude of competition among roots of the same plant vs. roots of neighbouring plants. SimRoot, a
dynamic geometric model, was used to simulate common bean root growth and to compare the overlap of depletion
volumes. By varying the gravitropism of basal roots, we simulated three distinct root architectures: shallow,
intermediate and deep, corresponding to observed genetic variation for root architecture in this species. Combina-
tions of roots having the same architecture resulted in more intense inter-plant competition. Among them, the deep-
deep combination had the most intense competition. Competition between deep root systems and shallow root
systems was only half that of deep root systems competing with other deep root systems. Inter-plant root competition
increased as soil diffusivity increased and the distance among plants decreased. In heterogeneous soils, co-localization
of soil resources and roots was more important in determining resource uptake than inter-plant root competition.
Competition among roots of the same plant was three- to five-times greater than competition among roots of
neighbouring plants. Genetic variation for root architecture in common bean may be related to adaptation to diverse
competitive environments. © 2001 Annals of Botany Company
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INTRODUCTION

Interactions among plants occur in both natural and
cultivated ecosystems and constitute an important determi-
nant of the dynamics and structure of plant communities
(Tilman, 1988). Although positive interactions (‘facilita-
tion’) among plants exist (Callaway and Walker, 1997),
resource competition is of paramount importance in many
plant communities (Martin and Snaydon, 1982; Aerts,
1999). Competition among plants occurs both above- and
below-ground. Whereas above-ground competition involves
one principal resource (light), below-ground competition
encompasses a broader spectrum of resources, including
water and all the essential mineral nutrients. Several studies
have shown that below-ground competition can be stronger
and can involve more neighbours than above-ground com-
petition (Casper and Jackson, 1997 and references therein).

Below-ground competition among neighbouring roots
for diffusion-mobile nutrients occurs when their individual
depletion volumes overlap, causing a reduction in nutrient
uptake (Robinson, 1991). In contrast to nutrients such as
nitrate that move via the mass flow of soil water, the notion
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of depletion volumes fits better with nutrients that move
primarily through diffusion, such as phosphorus. At root
densities often encountered in soil, the entire root zone is
almost depleted of nitrate unless replenished by mineraliz-
ation or fertilization, and nitrate supply to plants normally
includes soil volumes not included in the rooted layer
(Jungk and Claassen, 1997). In the case of diffusion-mobile
nutrients, uptake at the root surface creates a concentration
gradient which drives diffusive flux to the root, progress-
ively depleting the amount of nutrient in the rhizosphere.
The radius of this depletion zone has been defined as the
distance at which the nutrient concentration is at least 10 %
less than its concentration in the bulk soil (Nye and Tinker,
1977). Since the width of this radius is a function of the
diffusion coefficient, the concentration of the nutrient in the
soil, and time, roots can be competing for some nutrients
but not for others.

Since the pioneering theoretical works of Nye and Tinker
(1977) and Baldwin (1976), relatively little research has
addressed the mechanisms by which the depletion zones of
neighbouring plants overlap and interact with each other.
One obstacle is that it is difficult to detect nutrient gradients
with the precision required to define the spread and the
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eventual overlap of the depletion volumes, especially in a
three-dimensional context. Models developed by Barber
(1995) or Smethurst and Comerford (1993) are able to
estimate depletion volumes in isolated or competing plants,
assuming a homogeneous root distribution in the soil, but
do not consider unevenly distributed roots. In this regard,
geometric modelling may offer a useful alternative of
numerically estimating depletion volume and depletion
volume overlap in complex root systems. Recently,
Hutchinson (2000) compared 2D and 3D models and
concluded that completely different conclusions may be
drawn by using 2D models instead of more realistic 3D
models. In a 3D arrangement, the network of roots occupies
a large volume of soil, so the roots are ‘diluted’ in space and
the probability of overlap is reduced. A number of geometric
models of root growth have been developed (e.g. Diggle,
1988; Pages et al., 1989; Clausnitzer and Hopmans, 1994; for
a review see Lynch and Nielsen, 1996). In the present study
we used SimRoot, a dynamic 3D geometric model of root
growth and architecture (Lynch et al., 1997), to examine
factors that can influence competition among neighbouring
roots for phosphorus. In a previous study we used this
model to examine competition among roots of the same
plant (Ge et al., 2000). Here, we extend that analysis by
comparing the overlap of depletion volumes of competing
plants.

Many factors can influence root competition for phos-
phorus, including root architecture, or the spatial configura-
tion of a root system (Fitter et al., 1991; Lynch, 1995). The
relative immobility of phosphorus in soil makes its
acquisition very dependent on soil exploration in time and
space (Barber, 1995). Root gravitropism and branching are
two primary components of root architecture. Since
phosphorus availability is normally highest at the soil
surface and decreases with depth (Pothuluri et al., 1986), a
shallower root system may be more competitive or advan-
tageous for phosphorus acquisition. Modelling in SimRoot
showed that shallower root systems are inherently more
efficient for phosphorus acquisition, since roots are dis-
persed over a larger area and thus have less intra-plant root
competition, while in stratified soils the shallower roots are
better at exploiting localized nutrient resources (Ge et al.,
2000). However, in natural communities and in agroeco-
systems, shallower roots may also experience greater
competition from neighbouring plants, especially in mono-
genetic stands where all plants have shallow roots. The
effective diffusion coefficient (D) for phosphate largely
determines the mobility of the nutrient in the soil, and
thereby depletion zone volumes and competition among
neighbouring roots. In a previous study we found that
increasing D, from 10~ to 1077 led to an expansion of the
size of the depletion volume and, consequently, to greater
overlap among roots of the same plant (Ge et al., 2000). The
distance between plants and the number of neighbouring
plants may also affect root competition. It would be
reasonable to assume that root competition for phosphorus
increases with decreasing distance between plants, and with
an increasing number of neighbouring root systems,
although experimental evidence is needed to verify and
quantify this relationship.
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Firn and Digby (1997) introduced the concept of
‘gravitropic set-point angle’ (GSA), the angle at which any
plant organ grows as a result of gravitropism. This angle is
variable and is controlled by the developmental stage of the
plant and by environmental factors. In the case of roots, the
conjunction of the GSAs of every component of the root
system ultimately defines the degree of shallowness of the
whole root system. Taking into account the concept of GSA,
in this paper we consider root gravitropism as the tendency
of the root system to grow with a certain angle with respect
to gravity. The objectives of this study were: (1) to evaluate
the impact of root architecture on competition for
phosphorus among neighbouring plants; and (2) to compare
the magnitude of competition among roots of the same
plant vs. roots of neighbouring plants.

MATERIALS AND METHODS
Effect of competition on the radial distribution of basal roots

Individual plants of common bean (Phaseolus vulgaris 1.)
tend to distribute their basal roots rather evenly around the
centre of the plant. However, the presence of neighbours
could change the radial distribution of basal roots (Schenk
et al., 1999). To assess this possibility, a glasshouse experi-
ment was performed to evaluate whether the presence of
neighbouring plants affects the radial distribution of basal
roots. Common bean plants were grown in 20 | containers
with solid-phase-buffered pure silica sand (Lynch et al.,
1990) providing a constant availability of low (1 um),
medium (10 um) and high (30 pm) P in the soil solution.
Plants of two genotypes (BAT 477 and DOR 364) were
grown for 28 d in a temperature controlled (22-30 °C)
glasshouse in University Park, Pennsylvania, USA. Plants
were grown at one of three levels of competition (no
competition, competition with a plant of the same genotype
and competition with a plant of a different genotype) and P
supply (low, medium and high). Competition treatments
involved two plants per container, placed 5 cm apart. Five
containers were randomly assigned to each treatment. The
effect of the treatments on the radial distribution of basal
roots was estimated after the percentage of roots in a 90°
quadrant adjacent to the neighbouring plant (covering
25% of the total area surrounding the stem, called here
‘target area’) was measured (Fig. 1). The percentage of
roots in the ‘target area’ was determined as the proportion
of the number of intersections of basal roots with a plastic
mesh located 6 cm below the soil surface over the total
number of intersections (Fig. 1). For treatments without
competition, the ‘target area’ was calculated as the number
of interceptions of the basal root with the plastic mesh on a
90° quadrant around the stem. For competition treatments,
a line was traced between the two competing plants, and the
90° quadrant was located along the line (45° each side),
covering the ‘target area’ (Fig. 1). In the non-competition
treatment the quadrant was placed randomly. Results were
tested for departure from uniform root distribution.
Uniform distribution is represented when 25% of the
roots are in the ‘target area’.
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F1G. 1. Scheme of the procedure followed to evaluate the pattern of
radial distribution of basal roots of common bean seedlings. The
percentage of roots in the 90° quadrant closest to the neighbouring
plant was determined from the proportion of the number of
intersections of basal roots with a plastic mesh located 6 cm below
the soil surface vs. the total number of intersections. In treatments
without competition, the number of interceptions on a quadrant
randomly located around the stem was counted. This quadrant has an
angle of 90°, so that it covered 25 % of the total area around the stem.
In treatments with competition, a line was traced between the two
competing plants, and the 90° quadrant was located along the line (45°
each side), covering the 25 % closest to the neighbouring plant (‘target
area’).

Field study

From previous work (Liao et al., 2001) we selected two
common bean genotypes, one with a shallow root system
(G19833) and one with a deep root system (DOR 364). The
experimental site was located near Guangzhou in Guang-
dong Province, People’s Republic of China (26°06'N,
113°15E). The soil was a sandy loam with 6-1, 1-9 and
0-9 mg kg~! of available (Bray II) phosphorus in the top
0-10, 10-20 and 20-30 cm, respectively. The soil was
mixed with lime (1500 kg ha~!) 2 weeks before fertilization.
The experimental design included two factors: phosphorus
and competition. The phosphorus treatments were high
phosphorus, in which 160 kg P ha~! was added as triple
superphosphate, and medium phosphorus, without
phosphorus addition. Phosphorus fertilization raised the

A
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phosphorus content in the soil to 49-5, 2:25 and 2-8 mg
kg~! of available (Bray II) phosphorus in the top 010, 10—
20 and 20-30 cm, respectively. Both treatments received
180 kg N ha~! as urea and 200 kg K ha~! as KCI. The
competition levels were G19833 in monoculture, DOR 364
in monoculture, and both genotypes in competition
(genotypes intermixed by alternate planting within a row,
so each plant has two neighbours of the other genotype).
Seeds were planted 5 cm apart in all treatments. The study
site was divided into five blocks, each one containing a
randomized arrangement of the two phosphorus treatments
and the three competition treatments. Seventeen days after
transplanting, plant shoots were harvested and dry weights
obtained after drying for 3 d at 60 °C.

Root distribution in the soil profile was analysed
following a modified version of the profile wall method
described by Schuurman and Goedewaagen (1971). Tan-
gential trenches were dug 10 cm away from the row of
plants. The walls were carefully scraped with a screwdriver
to reveal the tips of the roots. Plastic transparent sheets
(21-5 x 279 cm) were positioned adjacent to the exposed
soil wall. The tips of the cut thick roots were mapped with a
marker on the sheets. These thick roots represent the main
axes of the basal roots, from which the fine roots develop.

Description of the multiple root system model

The dynamic geometric model SimRoot (Lynch et al.,
1997) was used to simulate root growth and architecture.
The model was modified slightly to include factors involved
in competition among multiple root systems. The new
subprograms were implemented in C on an SGI 320
Workstation with dual 550 MHz Pentium III CPUs and
224 Mb RAM (SGI, Mountain View, CA, USA). The data
file input is similar to that in SimRoot (Lynch et al., 1997).
In this study, three different root architectures, including
shallow, deep and intermediate basal roots (Fig. 2), were
generated. The root growth parameters for the intermediate
root system were taken from field-grown Phaseolus vulgaris
‘Carioca’ (Lynch and van Beem, 1993), the range of deeper
and shallower root systems were based on observations of
other genotypes (e.g. Bonser et al., 1996). The program
generates total cylinder depletion zone data for all of the
competing root systems. The basic algorithm of this
program is constructed by adding the cylinder depletion
zone of neighbouring root systems to that of the subject

F1G. 2. Simulation of three common bean root systems after 320 h of growth: shallow (A), intermediate (B) and deep (C). Reference axis in cm.



932

Rubio et al.— Root Gravitropism and Competition for P

Subject root

Vas: actual DZV of
subject root

Neighbouring —
root

Van: actual DZV of
neighbouring root

Vis:inter-root
overlap DZV
of subject root

<4 Neighbouring
root

Vin: inter-root
overlap DZ of
neighbouring root

Vos: overlap DZV
of subject root by
neighbouring roots

Von: overlap
DZV between
neighbouring roots

F1G. 3. Components of the depletion zone volume (DZV). Overlapping volume due to competition within and between root systems is shown. The
different components are utilized to calculate the inter-plant root competition (see Materials and Methods).

root system. The basic algorithm of the program is similar
to that of the previous program DepZone (Lynch et al.,
1997), which calculates the radius of the depletion zone
around root segments and then estimates the volume of soil
depleted by the entire system (as in Fitter ef al., 1991). The
nutrient depletion zones of the system were represented as
volume elements (voxels) within the depletion cylinder.
Duplicated voxels, representing the overlapped volume,
were then subtracted and the depletion volume without
overlapping (actual depletion zone volume) was estimated.
The new subprograms not only calculate the depletion zone
of a single root system but also the overlapped depletion
zone volume in the multiple root system.

Indices for evaluating inter-plant root competition and
nutrient uptake by several root systems

In this study we used plant competition indices as a
measure of the degree to which the below-ground niche of a
plant is shared by other plants. In a previous study,
competition for phosphorus among roots within a single
root system was calculated as the percentage of the
overlapped depletion volume over the actual depletion
volume (Ge et al., 2000). In this study, this is defined as
intra-plant root competition (C)g). Similarly, inter-plant
root competition for P (Cjpr) in the multiple root system is
quantitatively expressed as:

VOS
;100 (1)

as

Cipr =

where V_ is the overlapping depletion zone volume of the
subject root system with the neighbouring root systems and
Vs 1s the actual depletion zone volume of the subject root
system (Fig. 3).

To compare the relative importance of inter-plant to
intra-plant root competition, the ratio of inter-plant root
competition to intra-plant root competition (Ry;c) was
calculated:

CIPR
Ruic = 2R 2
MIC CIR ( )

To estimate the total competition for the whole assembly of
competing root systems, total root competition (Cyg) was
calculated as follows:

— (Vos + Von) + (Vis + Vin)

C
" Vas + Van

(3)

where V_ and V, are the same as above; V is the
overlapping depletion zone volume between neighbouring
roots; V, and V, are the overlapping volumes of the subject
and the neighbouring roots, respectively; and V,, is the
actual depletion zone volume of the neighbouring roots
(Fig. 3).

The expected uptake in competition as a fraction of the
uptake by the root system in isolation (U) was calculated as:

Vas

U=——"-—"—1
Vas + (0.5Vs)

00 (4)
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The above four indices quantify inter-plant root compe-
tition from different perspectives. The index Cjpr quantifies
the decrease in explored soil volume due to competition
with roots from neighbouring plants. R, shows the
relative importance of root competition from neighbouring
plants compared with root competition within the subject
plant. Cpy describes the total amount of root competition
occurring when root competition both within plants and
among plants is considered. U shows how uptake is affected
by competition, by comparing the depletion zones of an
isolated plant and a plant competing with its neighbours.

Changes in root gravitropism

To study the effects of root gravitropism on root com-
petition, three root models were generated: shallow, inter-
mediate (Carioca) and deep (Fig.2). This range of
gravitropism represents the natural genetic variation
found in common bean (Bonser et al., 1996). The three
root models were generated by changing the gravitropic
coefficient in SimRoot, which is a vertical vector that
represents the tendency of roots to grow toward gravity
(Lynch et al., 1997). The three root systems had identical
root length, biomass and topological branching patterns.

Variations in P diffusion coefficient, number of neighbours
and distance between plants

We simulated soils with three D, values: 1 x 1077,
1 x 1078 and 1 x 10~? cm? s~!. The range of soil D, for
P employed in this study covered fully the range of values
found in the field by Schenk and Barber (1979). The highest
value of D, is close to that found in an Aquic Argiudoll and
the lowest to a Typic Udipsamment (Schenk and Barber,
1979). A constant distance of 3 cm between plants
(comparable to inter-plant spacing in bean monocultures)
was used for these simulations. The effect of the distance
between neighbouring plants was evaluated specifically by
comparing root competition of plants located from 1 to
9 cm apart (Fig. 4). These simulations were performed in
soils with a D, value of 1078 ¢cm? s~! and using Carioca as a
root model.

Phosphorus uptake by multiple root systems

Phosphorus uptake by a set of root systems was
calculated by multiplying the actual depletion zone volume
and the soil phosphorus supply capacity. Here, the
phosphorus supply capacity is the amount of phosphorus
per mm? of depletion zone that the soil can provide to the
plant. In a previous paper (Ge et al., 2000), we estimated
and experimentally validated the supply capacity values for
three phosphorus levels (low, medium and high). By using
these figures, we simulated two soils: soil A, with
homogeneous phosphorus availability, and soil B, with
stratified phosphorus availability (greater phosphorus
availability at the surface). In these stimulations we
assumed a D, for P of 1 x 107% em? s~ 1.
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F1G.4. Two competing Carioca (intermediate) root systems with
different distances between plants (axis shown in cm).

Assumptions

To simplify the modelling process, the following assump-
tions were made:

First, depletion zone volumes were calculated from the
diffusion coefficient of a particular nutrient in the soil. The
radius of the depletion volume is expressed as:

Ry, = r+ 2/ Det (5)

where R, is the radius of the depletion zone around the
root, measured from the root centre; r is the radius of the
root segment; D is the diffusion coefficient of the ion in the
soil; and 7 is the time period of root growth (Nye and
Tinker, 1977; Barber, 1995, see specifications also in Ge et
al., 2000). Each root segment had its own value of 7. The
root was assumed to be explicitly located in the centre of the
soil cylinder around the root segment. Because the soil
volume occupied by one root cannot be explored by
another root, the root radius (r) was included in the
calculus of the overlap of depletion volumes. Second, water
and other nutrients do not interact with phosphorus to
affect inter-plant root competition. Third, diffusive nutri-
ents in overlapping depletion zones are shared equally by
competing root segments. Fourth, all parts of the root
system are active in P uptake and have a rather constant P
uptake capacity; this has been observed in bean seedlings
(Rubio, Sorgona and Lynch, unpubl. res.). Fifth, to
estimate phosphorus uptake, it was assumed that all
available phosphorus present in the depletion volume is
taken up by the roots.

Each simulation model was replicated five times by
changing the seed of the random number generator used to
drive stochastic processes in the growth of each root system,
resulting in roots with the same overall gravitropic
coefficient but slightly different architecture (for graphical
representation of example simulated replicates see Nielsen
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et al., 1997 or Ge et al., 2000). This variation represents
phenotypic variation of roots of the same genotype and
also the influence of soil heterogeneity on root architecture.
Data were statistically processed using ANOVA. All
simulations ran for 320 h.

RESULTS
Effect of competition on the radial distribution of basal roots

Neither phosphorus supply nor inter-plant competition
affected the radial distribution of basal roots (Table 1). In
addition, we measured the length of the projected root
length (Fig. 1) from roots inside and outside the ‘target
area’. Differences in length of the projected root would be
an indicator of differences in basal root angle. There was no
difference between projected root length inside (mean +
s.e. = 7-0 £ 0-74 cm) and outside (7-8 + 0-54 cm) the
‘target area’. These results indicate that the general pattern
of root architecture is the same in both isolated and
competing plants. In terms of our simulations, this permits
us to (1) evaluate inter-plant competition by overlapping
root systems having similar geometry as individual root
systems, and (2) compare the extent of root competition
within plants (i.e. intra-plant root competition) and between
neighbouring plants (i.e. inter-plant root competition).

Rubio et al.— Root Gravitropism and Competition for P

Competition between contrasting genotypes under field
conditions

No clear tendencies were detected in the total number of
root intersections in the whole profile (Fig. 5), which
suggests that the root systems of both genotypes were
about the same size. In agreement with previous studies in
controlled conditions (Liao ez al., 2001), genotype G19833
concentrates most of its roots in the topsoil, whereas DOR
364 distributes them more homogeneously with depth
(Fig. 5). Only slight differences in shoot biomass accumula-
tion were observed among genotypes when they were
cultivated as monocultures (Fig. 6). When the genotypes
were intermixed (competition treatment), the shallow-
rooted one (G19833) had the highest amount of accumu-
lated biomass in both phosphorus treatments.

Effect of root gravitropism

To observe the effects of root gravitropism on competi-
tion, we simulated root systems differing in architecture but
using a standard phosphorus diffusion coefficient (10~% cm?
s™') and a standard distance between the subject and
neighbouring root systems (3 ¢cm, which corresponds with a
typical in-row inter-plant spacing in bean monocultures).
Root gravitropism had a significant effect on inter-plant
root competition (Table 2). The three highest values of
inter-plant root competition corresponded to competition

TABLE 1. Percentage of roots in the 90° quadrant closest to the neighbouring plant as affected by genotype (BAT 477 and
DOR 364), competition (no competition, competition with a plant of the same genotype, and competition with a plant of a
different genotype) and P supply (low, medium and high)

Low P Medium P High P
Genotype No Competition No Competition No Competition
Competition Competition Competition
w/same w/different w/same w/different w/same w/different
genotype genotype genotype genotype genotype genotype
BAT 477 29-1 24-6 36-3 20-7 22-6 315 27-0 240 28-6
DOR 364 33.0 240 32:5 17-3 29-3 29-6 32:4 252 23.3

For details in the procedure see Fig. 1. Data were statistically analysed to test the hypothesis that the mean = 25. In all cases the r-tests

performed were significant at P < 0-01.
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F1G. 5. Total number of intersections of thick roots on a trench dug 10 cm away from the stem of two bean genotypes contrasting in root
architecture (A). No roots were observed 35 cm below the soil surface. Proportion of those intersections in the first 5 cm of the soil (B). DOR 364
(O; Deep, monoculture), G 19833 (H; Shallow, monoculture), DOR 364 + G 19833 (E; Competition).
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contrasting in root architecture after 17 d of growth in fertilized and

unfertilized field plots. Interplant spacing was 5 cm within a row, and

rows were far enough apart to avoid shading among plants in different
rOWS.

among root systems with the same architecture. Of these the
shallow-shallow combination had the highest inter-plant
root competition, followed by deep-deep. The most con-
trasting combination, deep-shallow, had the least inter-
plant root competition, being 57 % lower than the shallow-
shallow combination (Table 2). U values, which represent
the expected uptake in competition as a fraction of the
uptake by the root system in isolation, ranged between 94-7
and 97-8%. The highest U values were found in root
combinations with low inter-plant competition.

The ratio of inter-plant root competition to intra-plant
root competition (Ry) shows the relative contribution of
both components of below-ground competition to total
root competition (Table 2). Inter-plant root competition
was much lower than intra-plant root competition as
indicated by Ry values lower than 1 in all combinations.
Inter-plant root competition values represented only 21 to
56 % of intra-plant root competition (Table 2), which
indicates that the overlap among roots of the same plant
was greater than the overlap among roots of neighbouring
plants. As observed for inter-plant root competition, the
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highest values of Ry~ were observed in treatments in which
roots of the same type competed. Total root competition
(Crg) values, which reflect the sum of inter- and intra-plant
below-ground competition, ranged from 21-1 to 26-1 %. In
a previous study we observed that deep root systems have
the highest intra-plant root competition (Ge et al., 2000).
Accordingly, combinations which included this root archi-
tecture showed a high total root competition.

Effect of diffusion coefficient for phosphorus

As we observed earlier for intra-plant root competition
(Ge et al., 2000), the soil P diffusion coefficient (D)
dramatically affects inter-plant root competition (Fig. 7).
Varying D, changed root competition more than three-fold
(Fig. 7), and the effects of root gravitropism were intensified
in soils with a high value of D,. Comparing the different
root types, the shallow and deep systems experienced
slightly more competition than the intermediate system
(Fig. 7). Whereas inter-plant root competition increased as
the diffusion coefficient (D,) increased, the relative pro-
portion of inter-plant and intra-plant competition (Ry;;c)
did not. This means that the soil diffusion coefficient
affected both inter-plant and intra-plant root competition
in approximately the same proportion. The intermediate
root system had the lowest values of Ry, indicating a
lower incidence of inter-plant root competition in this root
type. Total root competition (Crg) responded to D, in the
same manner as did individual inter-plant root competition
(Fig. 7). U values were higher at lower levels of D, and at
all levels of D, the intermediate root system had the highest
values of this parameter.

Effect of the distance between neighbouring root systems

The primary effect of increasing the distance between
neighbouring root systems was to decrease the inter-plant
root competition of the subject root system (Fig. 8). Inter-
plant root competition decreased greatly as the inter-plant

_¥ 8o
8§ 60—
w5
53 40~
e
0 | |
S
5
g% 0
88
£c 80~
Qo
S% 70
S8 10-9 10-8 10-7
-

Diffusion coefficient (cm2 s—1)

F1G. 7. Inter-plant root competition, ratio of inter-plant root competition to intra-plant root competition and total root competition as affected
by soil diffusion coefficient and root architecture [shallow (M), intermediate () and deep ((J)]. The distance between subject roots and
neighbouring roots was 3 cm. Each plant competes with a neighbour of the same root type. Data are means of five replicates + s.e.m.
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TABLE 2. Inter-plant root competition (C,,p), ratio of inter-plant root competition to intra-plant root competition (R, ),
total root competition (Cy,) and ratio of uptake in competition to uptake in isolation (U) as affected by root architecture
(shallow, intermediate and deep) and type of competition (all combinations of root architecture)

Subject Root

Neighbouring root Shallow Intermediate Deep
Inter-plant root Shallow 10-53 (0-24) 571 (0-12) 4-42 (0-23)
competition ( %) Intermediate 5-78 (0-39) 7-00 (0-17) 591 (0-21)

Deep 4.61 (0-21) 5-45 (0-35) 9-80 (0-32)
Ratio of inter-plant Shallow 0-56 (0-01) 0-31 (0-00) 0-21 (0-02)
root competition to Intermediate 0-32 (0-02) 0-38 (0-01) 0-29 (0-01)
intra-plant root Deep 0-25 (0-01) 0-3 (0-01) 0-46 (0-02)
competition
Total root Shallow 23-95 (0-00) N.A. N.A.
competition ( %) Intermediate 21-13 (0-00) 22-07 (0-00) N.A.

Deep 21-35 (0-00) 22-32 (0-00) 26-07 (0-01)
Ratio of P uptake in Shallow 94-73 (0-00) 97-14 (0-00) 97-78 (0-00)
competition to P Intermediate 97-10 (0-00) 96-5 (0-00) 97-04 (0-00)
uptake in isolation ( %) Deep 97-76 (0-00) 97-27 (0-00) 95-09 (0-01)
ANOVA results Cipr Ryie Cir U
Factor (d.f.) F value
Subject (2) 47-99%** 20-29%** 57-60%** 47-99%**
Neighbour (2) 50-15%*%* 7-97%%* 68-15%*%* 50-15%**
Subject x 64-00%** 70-53%** 66-21%** 64-00%**

neighbour (4)

*P < 0-05; ** P < 0-01; *** P < 0-001.

Cipr and Ry were measured in the subject root. Means and s.e. (in parentheses) are shown in the upper section of the table and ANOVA

results in the lower section. NA, Not applicable.
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distance increased from 1 to 9 cm (16 to 20% at 1 cm
spacing vs. 1 to 5% at 9 cm spacing). A significant effect of
root gravitropism was observed on inter-plant root
competition: the shallow and deep root systems had higher
values of competition than the intermediate ones. When
plants were 9 cm apart, there was almost no effect of

competition on nutrient uptake: U ranged from 98-1
(shallow) to 99-2% (deep root system). At 1 cm, U was
consistently lower: 89-9, 91-8 and 91-2 % for the shallow,
intermediate and deep root types, respectively. Because
intra-plant root competition is not affected by the distance
between plants, the ratio of inter-plant to intra-plant root
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competition (Ry ) and total root competition Cry also
decreased as distance increased (Fig. 8).

Inter-plant root competition increased almost linearly as
the number of neighbouring roots increased. Inter-plant
root competition was 5% when the subject root had just
one neighbouring plant (3 cm apart, D, = 10~% cm? s~1)
but increased to 20 % with four neighbouring plants.

Phosphorus uptake

Root architecture affected phosphorus uptake by com-
peting root systems in both homogenous and heterogeneous
soils (Fig. 9). Heterogeneous distribution of soil phos-
phorus intensified competition among plants. In general,
pairs of root systems in stratified soil could take up about
twice as much phosphorus as those in homogeneous soil.
When comparing pairs of competing roots with the same
architecture in heterogeneous soils, we observed a clear
advantage of the shallow root system over the intermediate
and deep root systems. Pairs of shallow root systems
acquired more phosphorus than pairs of intermediate root
systems, which in turn had a greater P acquisition than
pairs of deep root systems (Fig. 9). On the other hand,
when pairs of competing plants with contrasting root
architecture were compared, we observed that the inclusion
of a shallow root system always increased total P uptake.

DISCUSSION

Competition for below-ground resources occurs among
neighbouring plants and also among roots of the same
plant. In a previous report we observed that the proportion
of the root system which is not active in nutrient uptake due
to intra-plant root competition increases as a consequence
of root age, greater phosphorus diffusivity, and increased

root depth (Ge et al., 2000). The combined effect of these
factors resulted in a 20-fold range of variation in intra-plant
root competition. In the present study, we extend these
results by analysing the overlap of soil volumes explored by
roots of neighbouring plants. Competition among roots of
different plants basically depends on whether they coexist
spatially and temporally and how nutrient demands of
competing plants are segregated temporally (Casper and
Jackson, 1997). Since the presence of neighbours did not
affect the general pattern of radial distribution of basal roots
(Table 1), in this study we assume that plants have basically
the same root architecture in both competitive and non-
competitive (i.e. isolated plants) conditions; this appears to
be a valid assumption for common bean seedlings. The
experiment reported in Table 1 shows the response of the
root system as a whole, on a broad scale. To investigate the
effects of root competition on root trajectories on a finer
scale further experiments could be made.

Root architecture combinations which result in low inter-
plant competition are more efficient for total phosphorus
acquisition, as they tend to minimize the overlap of deple-
tion zones of adjacent roots. This is an inefficient process
since an overlapped volume is explored by several roots at
the same time, which ultimately reduces the phosphorus
acquired per unit of resources invested below-ground. We
observed that combinations of roots of the same architec-
ture resulted in more intense inter-plant competition. Of
these, the deep-deep and shallow-shallow combination
showed the most intense competition (Table 2). Whereas
the combination of two deep roots resulted in an overlap of
almost 10 %, when the same deep root system competed
with a shallow root system the overlap was reduced by
almost half. Considering a group of plants as a whole, a
combination of roots of contrasting architecture would be
the most efficient way to capture below-ground resources.
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In this study we simulated root growth for 320 h after
germination. We propose that root competition in older
plants would follow the same trend as described here,
although it would be more intense. In annual dicot root
systems, the basal roots comprise the skeleton or scaffold
upon which the rest of the root system develops through
lateral branching. Because the basal root system begins
growing immediately after the taproot elongates (Lynch
and van Beem, 1993), the initial gravitropic curvature of the
basal roots will continue throughout vegetative develop-
ment, and will determine the depth and architecture of a
significant portion of the root system. In the field
experiment we observed that gravitropic sensitivity after
6 d was consistent with root growth patterns after 4 weeks,
implying that root architecture is determined in the early
stages of growth and that the architectural characteristics
(such as shallowness) persist throughout the vegetative
phase of development (see also Liao et al., 2001).

It has been suggested that the average nutrient concen-
tration in the soil is less important in determining the
competitive success of a plant than the small-scale
heterogeneity of nutrient availability (Jackson and Caldwell,
1989; Campbell et al., 1991). In light of this hypothesis,
resource capture in homogeneous soils would be defined by
the effective total root length (after discounting the overlap
zones) of the whole ensemble of roots. In environments
where the limiting resource is heterogeneously distributed in
the soil, co-localization of root foraging and resource
distribution would be an important factor in resource
capture. Our results support these predictions for relatively
immobile nutrients such as phosphorus: the outcome of
competition was quite different in homogeneous and
heterogeneous soils, although they had almost the same
total phosphorus content (Fig. 9). Whereas phosphorus
uptake from homogeneous soil was only slightly affected by
the root architecture of competing plants, root architecture
exerted a large influence on phosphorus uptake in hetero-
geneous soils. In these soils, the shallow root system was able
to acquire the greatest amount of phosphorus, regardless of
the architecture of the competing root system. Therefore,
phosphorus uptake depended primarily on the presence of
roots where the resource was at its highest concentration, in
this case the topsoil. Results from our model are consistent
with the field data obtained in China. Whereas in mono-
cultures both genotypes accumulated almost the same
amount of biomass, when they were grown in competition
the shallow-rooted genotype surpassed the deep-rooted
genotype in terms of shoot biomass.

Increased D,, and thus greater phosphorus mobility, led
to increased inter-plant root competition (Fig. 7). This
indicates that plants growing in soils with higher D, suffer
more intense competition with their neighbours, although it
does not necessarily imply that such plants acquire fewer
diffusion-mobile nutrients. Higher values of D_ enlarge the
radius of the depletion volume around a root axis, thereby
increasing the likelihood that adjacent root segments will
have overlapping depletion zones and will therefore
compete. However, a wider radius of depletion also exploits
an increased volume of soil and therefore potentially more
nutrients. On the other hand, we observed that the effects of
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D, on inter-plant competition paralleled those of D, on
intra-plant competition, so that the proportion of the two
types of competition remained relatively constant with
changing D,. Data shown in Fig. 7 are also relevant to the
effects of root competition for nutrients other than
phosphorus. Since D_ values for potassium, molybdenum,
zinc, manganese and ammonium are usually within the
range analysed here for phosphorus (Barber, 1995), our
results could be extended to these nutrients.

Mycorrhizal symbiosis enhances the capacity for phos-
phorus acquisition of most higher plants. Mycorrhizal fungi
can absorb and translocate P to the host plant from soil
outside the root depletion volume. Several studies have
attempted to study the interactions between mycorrhizal
colonization and inter-plant competition (e.g. Zobel et al.,
1997; Moora and Zobel, 1998). In terms of inter-plant com-
petition, mycorrhizal activity would act mainly as a factor to
increase the actual depletion volume, thereby increasing the
probability of overlap with the nutrient depletion zones of
neighbouring plants. To our knowledge, published literature
does not offer unambiguous data that would permit the
quantitative estimation of the influence of external hyphae
on root depletion zones of competing plants. However, we
note that in common bean, root architecture is related to P
acquisition efficiency independently of mycorrhizal effects
(Lynch and Beebe, 1995; Bonser et al., 1996). A possible
explanation for this is that mycorrhizal colonization and the
consequent P uptake derived from this process occur near
host roots. In other words, a shallower root system may also
have shallower hyphal foraging.

Our simulations do not consider root competition for
water, which is likely to be an important component of
below-ground competition in many environments. Niklas
has elegantly shown how the evolution of contrasting shoot
architectures may be understood as co-optimizing solutions
for several environmental constraints (Niklas, 1995).
Undoubtedly the same is true for root architecture: co-
optimization of root architecture for mechanical support,
acquisition of diffusive nutrients, and acquisition of water
(and with water, soluble nutrients), will have to be
considered for a fuller understanding of the functional
importance of root architecture. However, in the case of
common bean, basal root gravitropism is related to genetic
adaptation to low P soils in both competitive and non-
competitive situations in the tropics (Bonser et al., 1996;
Rubio, Liao, Yan and Lynch, unpubl. res.), where most
beans are grown, and where nutrient limitations are
generally more serious than water limitations.

Our results indicate that for young plants, competition
among roots of the same plant is larger than competi-
tion among roots of neighbouring plants. To our knowl-
edge, this is the first report to quantify this phenomenon in
3D. Intra- vs. inter-plant root competition is a valid com-
parison in agricultural settings, where ‘fitness’ is related to
the productivity of an entire stand of plants. In natural
settings or with intense weed competition, intra-plant com-
petition has very different implications for plant perform-
ance than does inter-plant competition. Nutrients acquired
by the roots of a neighbouring plant are not available to the
subject plant, and could be used to the detriment of a subject
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plant by a competitor, whereas nutrients acquired by roots
of the subject plant will obviously benefit the subject plant,
regardless of which root acquired them. Intra-plant root
competition is detrimental to the subject plant to the extent
that limiting resources invested in root foraging have been
wasted. We have shown that a significant amount of the
carbon assimilated by common bean plants is used for root
production and maintenance under phosphorus stress
(Nielsen et al., 1994). Intra-plant competition may be
important for plant adaptation to phosphorus stress by
determining the efficiency with which carbon invested in
root foraging is converted to phosphorus acquisition. A
comparable analysis is possible considering the efficiency of
phosphorus invested in root foraging (Koide ez al., 1999),
especially in view of the observation that P invested in root
production is scarcely remobilized to the rest of the common
bean plant under P stress (Snapp and Lynch, 1996).
Architectures that produce large intra-plant root compe-
tition may be advantageous in circumstances in which
intense niche colonization is useful, or in which a significant
amount of root loss is expected from abiotic or biotic stress.

In both natural and agricultural ecosystems, plants must
compete with their neighbours to acquire below-ground and
above-ground resources. Below-ground competition appears
to be more complicated since: (1) whereas plants have to
share only one above-ground resource (light), below-ground
competition is for water and 16 essential nutrients; (2) the
availability of each of these resources is affected by many
distinct factors in a highly heterogeneous environment; (3) a
direct relationship between the size of the plant and above-
ground competitive ability exists, whereas no single factor
explains below-ground competitive ability so precisely; and
(4) above-ground competition and factors that affect it can
be assessed more accurately than below-ground competition
(Casper and Jackson, 1997). For example, shading among
neighbouring plants is a principal factor controlling above-
ground competition and one which can be easily quantified
by measuring incident radiation. On the contrary, overlap of
depletion volumes, the equivalent of shading in root
competition, cannot be simply and accurately measured in
experiments with real plants (Robinson, 1991). By using
SimRoot, we quantified how root gravitropism, soil diffusion
coeflicient, soil heterogeneity, distance between neighbour-
ing plants, and the number of competing plants influence the
overlap of depletion volumes of neighbouring plants. Inter-
plant root competition represented only 21 to 56 % of
competition within the same plant (Table 2). In agroeco-
systems, inter-plant root competition can be manipulated
through management practices (for example, by altering the
distance between plants), but intra-plant competition
cannot. Basically, intra-plant root competition is an
unavoidable consequence of root growth and branching.
Since it is greatly affected by root architecture, and because
several species show a large genetic variation in root
architecture (O’Toole and Bland, 1987; Bonser et al.,
1996), genetic selection for roots which experience less
intra-plant competition may be a means of increasing the
efficiency of nutrient acquisition.
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